The relative contributions of invertase and sucrose synthase to initial cleavage of phloem-imported sucrose was calculated for sink leaves of soybean (Glycine max L. Merr cv Wye) and supr beet (Beta Pulgaris L. monohybrid). Invertase from yeast hydrolyzed sucrose 4200 times faster than 1'-deoxy-1'-fluorosucrose (FS) while sucrose cleavage by sucrose synthase from developing soybean leaves proceeded only 3.6 times faster than cleavage of FS. ['4qSucrose and I'4CIFS, used inferred from correlations of growth rate, reducing sugar levels and extractable invertase activity in leaves (4, 11, 16, 18) and stems (17). However, high invertase activities are also found in mature leaves (9, 18). Increases in sucrose synthase activity have also been correlated with growth rate and assimilate distribution in leaves of eggplant (4). It is difficult to extrapolate in vivo enzyme activities from in vitro measurements because of the inability to recreate the chemical environment, in terms of concentration of substrates, modulators, inhibitors, etc. We have attempted to measure the relative in vivo activities of invertase and sucrose synthase in the breakdown of phloem-supplied sucrose by using an analog of sucrose, FS,3 which is a poor substrate for invertase but which is cleaved by sucrose synthase (3, 12). The ratio of metabolism of the two sugars was compared in developing leaves of soybean and sugar beet and related to the differential discrimination against FS by sucrose synthase and invertase in vitro.
Phloem import and possibly control of phloem unloading are linked to the metabolism of rapidly growing sink organs as demonstrated by inhibitor studies (for review, see Refs. 14, 22) . In addition, a pathway for phloem unloading through the symplast in developing leaves (19) and roots (7, 10) suggests that unloading is controlled by removal of the main osmoticum, often sucrose, from the phloem either by compartmentalization or breakdown in nontransport tissues. The initial step in sucrose metabolism is thus an important one in controlling both the movement of sucrose and its utilization. Two enzymes which catalyze the initial step in sucrose metabolism are invertase (,-D-fructofuranoside fructohydrolase, EC 3.2.1.26) and sucrose synthase (UDPglucose:D-fructose 2-a-D-glucosyltransferase, EC 2.4.1.13) (1, 2) . Both invertase and sucrose synthase activities have been found in leaves of a variety of species though activities vary with extraction techniques and species (4, 9; for review, see Ref. 2) .
A relationship between invertase activity and growth has been inferred from correlations of growth rate, reducing sugar levels and extractable invertase activity in leaves (4, 11, 16, 18) and stems (17) . However, high invertase activities are also found in mature leaves (9, 18) . Increases in sucrose synthase activity have also been correlated with growth rate and assimilate distribution in leaves of eggplant (4) . It is difficult to extrapolate in vivo enzyme activities from in vitro measurements because of the inability to recreate the chemical environment, in terms of concentration of substrates, modulators, inhibitors, etc. We have attempted to measure the relative in vivo activities of invertase and sucrose synthase in the breakdown of phloem-supplied sucrose by using an analog of sucrose, FS,3 which is a poor substrate for invertase but which is cleaved by sucrose synthase (3, 12) . The ratio of metabolism of the two sugars was compared in developing leaves of soybean and sugar beet and related to the differential discrimination against FS by sucrose synthase and invertase in vitro.
MATERIALS AND METHODS Plant Material. Soybean (Glycine max L. Merr cv Wye) and sugar beet (Beta vulgaris L. monohybrid) plants were grown under controlled conditions as previously described (15) with a light period of 14 h. Sugar beet plants were used 3 to 4 weeks after planting and soybean plants 8 to 13 days after planting.
Enzymic Discrimination between Sucrose and FS. Sucrose synthase activity in crude extracts was not stable at room temperature. Sucrose synthase was partially purified from immature first trifoliate leaves, 1.5 to 2 cm in length (17-22% FLL), from 11 d old soybean plants. Leaves were ground as described previously (12) in 100 mm Hepes-KOH (pH 7.0), 5 mM EDTA, 5 mM DTT, squeezed through Miracloth and centrifuged at 10 KxG for 10 min. The supernatant was centrifuged at 40 KxG for 30 min. The second supernatant, referred to as crude extract, was loaded onto a DEAE-cellulose (Cellex D, Bio-rad) column (37 ml volume) at 5 to 7°C (6) . The column was previously equilibrated and eluted with 10 mm Hepes-KOH (pH 7.0), 1 mm EDTA, 1 mm DTT. Flow rate was 17 ml h-1 and 11 ml fractions were collected. Bound protein was eluted with a linear NaCl gradient from 0 to 0.25 M NaCl in equilibration buffer. Aliquots of fractions were assayed for sucrose synthase as described in "Enzyme Assays." Protein was measured by absorbance at 280 nm. Fractions 10 to 14 were pooled and brought to 50% saturation with ammonium sulfate by stirring for 30 min with an equal volume of saturated ammonium sulfate in 10 Enzyme Assays. Sucrose synthase was measured in the cleavage direction by production of UDPG from either sucrose or FS. Continuous production of UDPG was assayed in a 1 ml reaction consisting of 100 mm MES-KOH (pH 6.5), 1 mm UDP, 5 mM MgC12, 2 mm inorganic pyrophosphate, 1 mm NADP, 3 units of phosphoglucomutase, 1 unit each of UDPG pyrophosphorylase and glucose-6-phosphate dehydrogenase, crude extract and varying concentrations of sucrose or FS. Absorbance at 340 nm was measured continuously. Assay of invertase activity in crude extracts was done as previously described ( 16) .
Transport and Metabolism of Sucrose and FS. All leaves but one sink and one source leaf were removed from sugar beet plants and both cotyledons and one primary leaf were removed from soybean plants the day prior to the experiment. All treatments were started 2 h after the beginning of the photoperiod. Radiolabeled sugars were supplied to source leaves of sugar beet via reverse vein flap feeding (19) Attempts to determine the discrimination factor for hydrolysis of sucrose and FS by invertase using the method described for sucrose synthase were unsuccessful. Reaction conditions necessary for the production of measurable product from FS resulted in complete hydrolysis of sucrose. The reaction rates for hydrolysis of sucrose and FS at equal concentrations were therefore determined separately and compared. The steady state rate of metabolism of phloem-imported sugar was measured by linear regression of the percent of total, translocated radiolabel incorporated into the ethanol insoluble fraction versus time (Fig. 4) Table I. plotted in Figure 4D .
In soybean, the rate of 14C incorporation into insolubles from translocated sugar increased with leaf age to a maximum at 1 1%
FLL and then declined (Fig. 4B , Table 1 ). During the developmental period at which the rate of ['4C]sucrose incorporation into insolubles was highest, (Fig. 4, B (Table I) .
If the initiation of metabolism were by sucrose synthase alone, the discrimination in metabolism would be that afforded by cleavage by sucrose synthase, i.e. 3.6 (Fig. 1) . The lowest differential in metabolism of sucrose to FS, 3.4 (Table I) , occurred with the youngest leaves and cleavage of sucrose could be accounted for by sucrose synthase. As leaves developed, sucrose was metabolized 6 to 8 times faster than FS ( where R is the total rate of metabolism for either sugar, I is the contribution of invertase to that rate, and SS is the contribution of sucrose synthase. From the data of Figure 1 , the ratio of rates of metabolism of sucrose to FS via sucrose synthase is equal to 3. Cleavage by sucrose synthase accounted for the major portion of sucrose metabolized throughout a large part of soybean leaf development (Table I ). This in vivo evidence for sucrose synthase activity confirms reports of higher sucrose synthase activity extracted from sink leaves than mature leaves (13) . The importance ofsucrose synthase to sucrose metabolism in leaves is emphasized by the small contribution of invertase to sucrose metabolism in the youngest leaves tested (4% FLL). Sucrose metabolism predominantly by sucrose synthase in these young leaves may be indicative of high sucrose synthase activity often reported in nonphotosynthetic tissue (1, 2) . The contribution of invertase to sucrose metabolism increased abruptly with age such that metabolism initiated by invertase contributed 47 to 57% of total metabolic rate by 7.6% FLL. The increase in invertase contribution relative to sucrose synthase at 7.6% FLL occurred with and apparently accounted for an increased rate of sucrose metabolism. Sucrose metabolism peaked at 11% FLL and was paralleled by a peak in invertase relative to sucrose synthase. As leaves approached maturity, the contribution of invertase declined slightly and the two enzymes contributed fairly equally to total breakdown. Sugar beet leaves also exhibited both enzyme activities, with a sucrose synthase contribution of 42% and an invertase contribution of 58% in leaves at 30% FLL.
The metabolism of sucrose by invertase in sink leaves most likely represents part of a change in developmental state. The maximum contribution of invertase to sucrose metabolism occurred roughly at the end ofthe exponential phase ofcell division and the beginning of the predominance of cell enlargement to leaf growth (5) . This relationship between invertase and cell enlargement is similar to that suggested by correlations among soluble acid invertase activity, hexose concentrations, and cell enlargement in leaves (16, 1 1), and stems (for review, see Ref. 17) .
Sucrose arriving via the phloem is not cleaved before or during uptake in sink leaves ofsugar beet (8) . Results here demonstrating that FS was transported through sink leaves of sugar beet and soybean at rates identical to sucrose, further support a lack of hydrolysis by cell wall invertase as an obligate step in phloem unloading. Invertase activity on phloem-imported sucrose is most likely intracellular. Schmitt et al. (21) reported alkaline invertase at half the activity of acid invertase in Wye soybean sink leaves but not source leaves, suggesting that intracellular hydrolysis may involve alkaline invertase.
In developing sugar beet leaves, the in vitro contributions of invertase and sucrose synthase to the metabolism of sucrose were nearly equal, although the extractable specific activity of invertase exceeds that of sucrose synthase by about 18-fold (9) . The discrepancy between our in vivo measurements and activities in in vitro extracts emphasizes the need for caution in extrapolating physiological function from in vitro assays. The method used here to determine the in vivo rates of throughput of parallel metabolic paths is analogous to the use of isotope discrimination to determine whether carbon fixation has occurred by C3 or C4 pathway of photosynthesis. Application of the method should be possible to any case for which differentially metabolized substrates can be found or developed, and in which these substrates can be supplied by the same route as the normal substrate.
